The proliferative potential of cultured rat glioma cells (C6 and 9L) was evaluated after hyperthermia us ing immunohistochemical staining with bromodeoxyuridine (BrdU) and Ki-67 monoclonal antibodies. Apoptosis was assessed by in situ end-labeling of deoxyribonucleic acid breaks. Both BrdU and Ki-67 labeling indexes decreased with increasing hyperthermia time. The decrease of the Ki-67 labeling index was not as great as that of the BrdU labeling index. The number of apoptotic cells increased with time af ter hyperthermia. These results indicate that the antitumor effect of hyperthermia may reflect the induc tion of apoptosis in the cells within the cell cycle, and the resultant reduction of the proliferative poten tial of surviving cells, especially in the S phase.
Introduction
The cytotoxicity of hyperthermia is considered to be mainly due to the rapid induction of apoptosis.12,13) Apoptosis triggered by hyperthermia has been demonstrated by a number of studies',', 12,13) includ ing this sequence of events in tumor cells using elec tron microscopy and gel electrophoresis of deoxy ribonucleic acid (DNA) .3') Apoptosis may have various functions in the response of tumors to heat.") Hyperthermia reduces the proliferative poten tial of cultured glioma cells,") but the relationship be tween apoptosis and the proliferative potential of such cells after hyperthermia is still unknown. The proliferative potential of brain tumors as assessed us ing bromodeoxyuridine (BrdU) or Ki-67 monoclonal antibody is considered as a reliable predictor of prog nosis. 2, 4, [15] [16] [17] [18] 23, 28, 42) This study evaluated the proliferative potential of glioma cell lines (C6 and 9L) after hyperthermia using BrdU and Ki-67 monoclonal antibodies, and apoptosis using in situ end-labeling of DNA breaks.
Materials
and Methods
I.
Cell lines and hyperthermia C6 and 9L rat glioma cells were routinely cultured in monolayers in plastic flasks using Eagle's minimal essential medium supplemented with 10% fetal calf serum (Gibco, Grand Island, N.Y., U.S.A.) and antibiotics. Single cell suspensions were pre pared from monolayer cells using 0.25% trypsin and 0.02% ethylenediaminetetra-acetic acid. 1 x 105 cells were plated onto tissue chamber slides (Lab-Tek; Nunc, Naperville, Ill., U.S.A.) and cultured for 48 hours. The slides were then sealed in small, waterproof plastic bags, and exposed to a tem perature of 43° C for 0 (unheated control), 30, 60, and 90 minutes in a waterbath. The cells were then incu bated at 37° C in a 5% CO2 atmosphere with 90% rela tive humidity for another 48 hours. After incuba tion, the slides were placed in chilled 70% ethanol and the cells were fixed for 30 minutes. All experi ments were repeated three times.
II.
BrdU and Ki-67 immunostaining Cells for BrdU labeling were incubated on the slides in medium containing 1.25 yM BrdU for 30 minutes. The cells were then denatured in 2N hydrochloric acid for 30 minutes and neutralized with 0.1 M sodium borate (borax). The slides were immersed in phosphate-buffered saline (PBS) con The ApopTag Plus In Situ Apoptosis Detection Kit® (S7101; Oncor, Inc., Gaithersburg, Md., U.S.A.) was used. The cell membranes on the tissue cham ber slides were digested with proteinase K (20 ,ugl ml) for 20 minutes at room temperature after hyperther mia and fixation. After washing in PBS three times, the cells were incubated with equilibration buffer for about 1 minute followed by incubation in a solu tion containing 0.09 Ulpl digoxigenin-labeled termi nal deoxynucleotidyl transferase in a humid cham ber at 37'C for 1 hour. The slides were washed in stop solution for 30 minutes at 37° C, and then in PBS before incubation with a peroxidase-conjugated antibody against digoxigenin for 30 minutes at room temperature. DAB was used for visualization. The apoptotic index was expressed as the percentage of positive cells among the total number counted, at least 600 per sample. 
III. Morphological features
The BrdU immunoreaction in C6 cells showed clear nuclear staining (Fig. 1 left) . The number of the cells stained by BrdU (Fig. 1 right) , (Fig. 2 right) , and end break labeling (Fig. 3 right) decreased after hyperthermia. Ki-67 showed clear nuclear staining with nucleolar prominence and differential staining of cytoplasm and chromosomes in mitotic cells (Fig.  2 left) . Some apoptotic bodies were also stained with Ki-67 (Fig. 2 right) . End break labeling-positive cells showed condensation and margination of nuclear chromatin, characteristics of the early stage of the apoptotic process, and later stages manifested as apoptotic bodies containing nuclear fragments (Fig.  3 left) . Many apoptotic cells were seen after ex posure to 43° C for 90 minutes (Fig. 3 right) . heat stress.") Malignant fibrous histiocytoma cells underwent cell death at critical temperatures, with an apoptotic appearance at 42° C-43' C and a necro tic appearance at temperatures over 44° C.41) En hancement of apoptosis in tumors is a desirable therapeutic goal, although the actual mechanism responsible for hyperthermia-induced cell death is still unknown. We previously reported temperature dependent and heating time-dependent thermosen sitivity in C6 and 9L rat glioma cells.22) 9L cells were significantly more vulnerable than C6 cells when ex posed to 43° C. Most of the cells from both cell lines survived at 42° C and most of the cells were killed at 44° C. In the present study, the apoptotic index in creased with time after heating at 43'C, suggesting apoptosis is a major mechanism of death in rat glio ma cell lines after hyperthermia, an outcome consis tent with the previous reports. 
Commentary
In these experiments the authors have extended prior work and have demonstrated that two rat glioma lines exhibit apoptosis in response to 43'C hyperthermia in vitro. Their studies suggest that this reflects apoptosis of cells actively in the cell cycle reducing the prolifera tive potential of the surviving cells. The authors are to be complimented on their work, however, it should be recognized that the technique used involves not just an increased temperature, but also the sealing of the cells in a bag immersed in a water bath. This potential ly exposes the cells to changes in oxygen and pH for the incubated period of time. It would be ideal in fu ture experiments to control for this with similar length incubations at 37° C and at an intermediate temperature of 40'C while also assessing the same parameters. It will also be of interest to see if the same results occur in vivo.
